spectrum in the ultiasoft X-ray region provides information about the density of electron states in the unoccupied regions of the energy bands of solids. With synthetic self-grown and spherically bent dioctadecyladipate crystals (2 d = 93,s if) as dispersing devices the continuous X-ray spectra of Tantalum and Tungsten were measured. Fine structures near the short wavelength limit of about 80 i % are discussed. Measured X-ray isochromats of the same energy region are compared with the course of the theoretical densities of states above the Fermi edge and rigid band considerations for Tantalum and Tungsten, resulting in qualitative agreement.
Principle of experimental technique. -The clas-
sical methods of X-ray spectroscopy are emission and absorption spectroscopy. The soft X-ray spectra obtained by these methods permit to draw conclusions on the course of the electronic density of states in the occupied and unoccupied regions of the energy bands of solids. But it must be stated, that soft X-ray spectra do not give a direct measure of the density of states [I] . In interpreting them due account must be taken of the relative transition probabilities, which involve the wave-function symmetries of the initial and final states. Further the considerable energy width of the participating inner levels in particular for atoms with higher atomic number [2] , the Auger broadening of the conduction band levels [3] and many electron effects 141 are complicating the interpretation of emission and absorption spectra. But by the mentioned complicating factors also an advantage is brought about by offering greater possibilities in interpreting the experimental curves.
In the following two independent X-ray spectroscopic techniques shall be discussed, by which the course of the density of states in the unoccupied part of the conduction band can be determined. They are working without the participation of inner levels and may be regarded as a valuable completion and extension of emission and absorption spectroscopy. These methods are 1) recording the fine structure near the short wavelengt limit of the continuous X-ray spectrum and, 2) the isochromat spectroscopy 151. Application of both methods will be described to the bcc transition metals Tantalum and Tungsten in the soft X-ray region in a wavelength range between 70 and 80 A. The experimental curves will be compared with theoretical densities of states for both metals above the Fermi edge and rigid band considerations. Figure 1 shows the principles of recording the continuous X-ray spectrum and [5] .
The continuous X-ray spectrum is generated by electrons of fixed energy E', which penetrate into the target and undergo radiative transitions to the unoccupied states above the Fermi edge E,. While the accelerating voltage V at the X-ray tube is kept constant, thelspectrum is surveyed successively by changing the Bragg angle q in such a way, that the target and the detector slit are moving symmetrically on the Rowland circle with respect to the crystal. The intensity of the radiative transitions ho is measured as a function of the pertaining Bragg angles. The short wavelength limit of the spectrum is given by the accelerating voltage at the X-ray tube. Yet this method suffers from some inherent pecularities, such as geometrical resetting of the apparatus during measurement, variation of the efficiency of the spectrometer with quantum energy and energy dependent selfabsorption in the target, which can be avoided by a variant of this method. This is the isochromat spectroscopy, the principle of which is shown in figure 1. In this case the initial state energy E' of the primary electrons is varied successively by changing the accelerating voltage. The adjoined spectrometer is operated as a monochromator, solely selecting a transition of fixed energy fio,, which is determined by the fixed Bragg angle and the lattice constant of the monochromator crystal. The intensity of this transition is measured as a function of the X-ray tube voltage. The transition with energy fro, will energetically be possible when E' -EF 2 ha,.
Two features of special importance for the subsequent interpretation and comparison of the experimental curves may be mentioned already here. In both cases, the measurement of the continuous Xray spectrum and the isochromat, the primary electrons reach the same final states above the Fermi edge but starting from different initial states. Moreover the quantum energy tzw of the short wavelength limit and hoo of the isochromat respectively represents a true parameter of the experiment, which can easily be varied by employing crystals with different lattice constants or different Bragg angles [6].
2. Apparatus. -The apparatus is a double focussing X-ray spectrometer, using a spherically bent crystal (*) as dispersing device [7] with a radius of curvature of 700 mm, which equals the diameter of (*) As we recently learned Wassberg and Siegbahn [8] already successfully used spherically bent crystals for X-ray reflection in 1958.
the Rowland circle (Fig. 1) . The material to be investigated is inserted as anode of the X-ray tube. The polycrystalline Ta and W amples of our experiment consisted of thin ribbons of a length of 10 mm and a width of 1 mm, mounted vertically on the plane of the Rowland circle at a symmetric position to the detector slit with respect to the crystal. The projection of the ribbon width in the direction of the analyzing crystal equals the slit width of the detector of 0.15 mm, thus utilizing the full breadth of the anode as source of radiation. During measurement the target temperature is 14000C with cleaning temperatures above 2 000OC. The cathode consisted of a Ta and a W wire respectively in order to avoid evaporation of impurity atoms on the anode. The cathode was heated intermittently and the radiation was recorded during the heating pauses by a Geiger-Miiller detector. Its gas volume is separated by a Formvar window from the oil-free vacuum of the spectrometer.
As dispersing device a spherically bent dioctadecyladipate crystal (OAO) of own growth [9] with a double interplanar spacing of 2 d = 93.8 A is used.
Single crystals of OAO of the order of 2 cm x 1.5 cm x 0.5 mm in size were grown from saturated solutions. After placing a seed [(2 mm x 2 mm) in the saturated solution the temperature of the solution was lowered for 0.05 OCJday requiring a very close temperature control. The crystals exhibit good mechanical properties, stability in vacuum and a pronounced cleavage. Contrary to multilayer analyzers [lo] , such as lead stearate, synthetic OAO crystals show a regular lattice. They therefore seem very well suited for ultrasoft X-ray spectroscopy, as is indicated by the subsequent experimental results.
Finally the resolution power of the apparatus shall be mentioned briefly. A value of 7 000 was calculated after [7] , During the experiment it is realized indeed because of the employment of a very narrow radiation source and detector slit. But it cannot be utilized to full extent on account of the Maxwellian energy distribution (x 0.4 eV) of the electrons emitted by the cathode. rison of the continuous X-ray spectrum and the isochromat of Ta. Both curves have been normalized t o equal height of the maximum after subtracting the background. The given standard deviations include the background contribution. The short wavelength limit of the continuous X-ray spectrum corresponds to a quantum energy of E' -EF = 181.1 eV. This value contains a correction for the work function of the Ta cathode [ll] . A constant accelerating voltage of U = 177 V was applied to the X-ray tube for the measurement of the continuous X-ray spectrum. The quantum energy ha, = 177.3 eV of the isochromat has also been corrected for the work function of the Ta cathode [ll] . On the abscissa the values of the voltage applied are given. With respect to the statistical error both curves obviously exhibit the same appearance, a linear rise followed by a pronounced structure before the maximum. t o equal height of the maximum after subtracting the background. The short wavelength limit of the continuous X-ray spectrum corresponds to a quantum energy of E' -EF = 171.5 eV. The quantum energy of the isochromat is ho, = 165 eV. Both values have been corrected for the work function of the W cathode [l 11. Again the continuous X-ray spectrum and the isochromat look equal with respect to statistical error. Following a linear rise of intensity a structrure is observed before the maximum. Slight differences at lower quantum energies and higher accelerating voltages respectively can be explained by apparative influences. For considering this point in more detail, it is necessary to discuss, which physical quantity can be expected to be reproduced by the experimental curves. The calculation of the intensity is based on the following relation (in terms of one electron transitions) :
E' denotes the energy of the initial state and E the energy of the final state, correlated by the equation ho = E' -E. The factor (1 -f (E)) with the Fermi function f (E) indicates, that only transitions to unoccupied levels occur. P(kt, k) is the probability of the transitions involved. The integration has to be extented over the surfaces S' of constant energy E' and S of constant energy E in k -space. By formally averaging over the energy surfaces E' = const and
we can write (*) :
D(E) is the density of the final states. Assuming constant transition probabilities independent of E' and E the experimental curves should represent the density of the unoccupied states. We get finally :
In the last equation for the observed intensity I,,,(Ef, E ) we have made allowance for the instrumental response by the indicated convolution with the apparative window A. The above assumption of constant transition probabilities is supported by the fact, that no inner levels with special atomic symmetries are participating in the emission process. In fact, there is also strong experimental evidence for this assumption. From the identity of the continuous X-ray spectra and the isochromats of figures 2 and 3 we can conclude, that the transition probabilities do not vary with the different initial states. Another example concerning the final states is given by an isochromat spectroscopic investigation of the 4 d transition metal alloy series Rh-Pd-Ag [12] . According to this investigation the density of states of this alloy series can be very well interpreted in terms of a rigid band modell, which permits the conclusion, that the transition probability involved in the elementary process of the isochromat can also be regarded as independent from the final states of the electrons. Thus one expects the isochromat and the continuous X-ray spectrum to picture the density of states above the Fermi edge, where the Fermi edge itself is broadened by the finite target temperature. The continuous X-ray spectrum and isochromat techniques seem to offer a more direct approach to the density of states above the Fermi edge than clas-
sical absorption spectroscopy, resulting from the fact, that no inner levels are needed to participate in the transitions involved.
For our special examples we have brought forward Answer. -Concerning your first question : We indeed observe Plasma losses in the isochromat and the continuous X-ray spectrum. For Ta and W the size of these discrete energy losses is of the order of 10 eV which leads to a repetition of the maximum of the curves at a voltage distance corresponding to the size of the energy loss. But now the fine structures in the curves are washed out on account of the considerable energy width of the plasma losses.
Concerning your second question : we used an oil-free vacuum of mm Hg. The cleaning temperatures of the targets were above 2 300 O K , the temperature during measurement was 1 400 O K .
M. BAER. -Can you give a general expression for the transition probability involved in your isochromat X-ray process ?
Answer. -Besides your own considerations published earlier there are no calculations known to us.
M. HAENSEL. -I think, the statement that the isochromats method is superior to absorption techni-,ques should not be made too generally, if your energy resolution is 1 to 2 eV. Absorption measurements can easily have energy resolutions of less than 0.1 eV as we have obtained in measuring the Pt 4 f edges (*).
In optical measurements however interchannel interactions indeed can often cause broadening of structures, so that I would prefer to define isochromats and absorption measurements to be complementary to each other.
M. ULMER. -1) We consider it as a main advantage of the isochromat method to give a more direct picture of the electronic density of states in the conduction band (unoccupied states) than the other considered methods. This arises primarily from the fact that inner levels are not participating in the pertaining elementary process (the inner levels are often broadened-especially for materials with high atomic numbers) and in consequence atomic selection rules are of no importance.
2) For the question of the ((rigid band>> for the sequence Rh-Pd-Ag : Former measurements (J. Eggs and K. Ulmer : 2. Physik, 1968) have shown that -within the experimental accuracy of this experiment -a rigid band model can be ascribed very well to the sequence Rh-Pd and not so good to the sequence Pd-Ag.
